To date, growth of the human fetal cerebellum has been estimated primarily from linear measurements from ultrasound and 2D magnetic resonance imaging (MRI). In this study, we use 3D analytical methods to develop normative growth trajectories for the cerebellum in utero. We measured cerebellar volume, linear dimensions, and local surface curvature from 3D reconstructed MRI of the human fetal brain (N = 46). We found that cerebellar volume increased approximately 7-fold from 20 to 31 gestational weeks. The better fit of the exponential curve (R 2 = 0.96) compared to the linear curve (R 2 = 0.92) indicated acceleration in growth. Within-subject cerebellar and cerebral volumes were highly correlated (R 2 = 0.94), though the cerebellar percentage of total brain volume increased from approximately 2.4% to 3.7% (R 2 = 0.63). Right and left hemispheric volumes did not significantly differ. Transcerebellar diameter, vermal height, and vermal anterior to posterior diameter increased significantly at constant rates. From the local curvature analysis, we found that expansion along the inferior and superior aspects of the hemispheres resulted in decreased convexity, which is likely due to the physical constraints of the dura surrounding the cerebellum and the adjacent brainstem. The paired decrease in convexity along the inferior vermis and increased convexity of the medial hemisphere represents development of the paravermian fissure, which becomes more visible during this period. In this 3D morphometric analysis of the human fetal cerebellum, we have shown that cerebellar growth is accelerating at a greater pace than the cerebrum and described how cerebellar growth impacts the shape of the structure.
Introduction
In the later half of gestation, the human brain grows and increases in structural complexity at a more rapid rate than in any other period of development [1] [2] [3] [4] . The cerebellar cortex is undergoing extensive foliation leading to accelerating increases in surface area [5, 6] . Contributing to this morphological development are the processes of neurogenesis and establishment and elaboration of cerebellar fiber pathways, which begin around 13 gestational weeks (GW) and continue until early in the second year after birth [7] . The major events from 20 to 30 GW include differentiation of Purkinje cells, maximal proliferation in the external granular layer, and migration of precursor cells from the external granule cell layer [6] .
Cerebellar expansion is linked with the proliferation of the external granular layer and migration of precursor cells to the internal granular layer. Migration from the ventricular zone to the deep cerebellar nuclei is reaching completion near 30 GW. Although myelination of the brainstem is detectable after 24 GW, myelination within the cerebellum and of cerebellar peduncles occurs after 32 GW [8] . While the major fissures are established by 20 GW, further foliation and secondary fissures are formed after this time [9] [10] [11] .
While these micro-and macroscopic developments have been well established from postmortem and histological studies, growth patterns of the human cerebellum in the living brain have been limited to ultrasonography measurements, 2D fetal magnetic resonance imaging (MRI), and 3D MRI of premature neonates. Estimations of cerebellum or vermis size are routinely carried out by ultrasonography, and normative growth trajectories have been established [12, 13] . In one study, cerebellar volume was estimated from multiplanar measurements of 3D ultrasound [14] and in another from 3D reconstructed fetal MRI [15] . 2D fetal MRI has also been used to replicate ultrasonography findings [11, 16] . Volumetric studies of the healthy and injured premature brain by 3D MRI provide a close approximation of in utero fetal cerebellar development [17, 18] ; however, direct measurement from the fetus in utero would be more representative of normal development.
Recent advances in fetal MRI processing [19] have led to the 3D morphometric analysis of the cerebrum in the healthy brain in utero [20] [21] [22] . In this study, we have applied volumetry and local curvature analyses to the cerebellum in 3D reconstructed MRIs of living, healthy human fetuses. Understanding the development of the cerebellum is of considerable clinical value since the cerebellum is especially vulnerable to direct and indirect injury in premature birth [6, 18, 23] .
Materials and Methods

Subjects and Fetal Image Acquisition
Data used in the present paper were acquired from an imaging study that was approved by our local Institutional Review Board and complies with National Institutes of Health human subject guidelines. Exclusion criteria were multiple gestation pregnancy, chromosomal abnormality diagnosed prenatally or postnatally, and brain abnormalities on fetal MRI. Mothers provided informed consent for use of fetal scans for research purposes. The mothers were referred for fetal MRI either to better assess questionable findings on prenatal ultrasound (N = 7) or due to a prior abnormal pregnancy (N = 10) or to volunteer for the study (N = 23) ( Table 1 ). Mothers enrolled in the studies ranged in age from 19 to 41 years (mean, 34 years). Mean age did not differ between maternal volunteers and patients (T = 0.5, p = 0.62). Maternal age did not correlate with gestational age at MRI (R 2 = 0.0086, p = 0.57). Of the study scans that met image acquisition criteria for image analysis (TR = 3,000-9,000 ms; slice thickness ≈ 3 mm; sufficient number of stacks; fetal motion less than 15 mm translation and 30
• of rotation between slices), we selected 46 clinical scans of 40 fetuses (19 males, 21 females) at gestational ages ranging from 20.57 to 31.14 GW, estimated by last menstrual period (Fig. 1) .
All of the fetal MRI used in this study were read as normal by a fetal neuroradiologist (O.A.G.). Neither the mother nor fetus were sedated, and the mother was free breathing for the scan duration of 20 to 45 min. Clinical MR imaging was performed on a 1.5-T scanner (GE Healthcare, Milwaukee, WI, USA) using an eight-channel torso phased-array coil. Multiple stacks of single-shot fast spin-echo T2w slice images (in-plane pixel size ≈ 0.5 × 0.5 mm; slice thickness ≈ 3 mm, no gap) were planned in the approximately axial, sagittal, and coronal planes with respect to the fetal brain. The underlying spatial resolution of the original 2D multi-slice data was between 0.8 and 1.0 mm, prior Fig. 1 Histogram of the age distribution of fetal MR scans. All 2-week periods include at least four scans. Gestational age is calculated from last menstrual period to clinically requested re-gridding to between 0.4 and 0.5 mm in-plane pixel size for radiological inspection on clinical picture archiving and communication system. All slice images were acquired in an interleaved manner to reduce saturation of spins in adjacent slices. The MR sequence parameters (TR = 3,000-9,000 ms; TE = 91 ms) were originally designed for clinical scans and were not adjusted for tissue segmentation in this study. From these clinical acquisitions, one to four stacks were selected in each plane for 3D image reconstruction. To account and correct for spontaneous fetal movement during scanning, all image slices in the slice stacks of a subject were registered using the slice intersection motion correction technique [24] and reconstructed into 3D volumes with isotropic voxel dimensions of 0.5 mm.
Volumetric Analysis of the Cerebellum
The cerebellum was manually delineated using RView image analysis software (http://rview.colin-studholme. net). The sagittal plane was used for segmentation with concurrent review of the coronal and axial planes. Segmentation proceeded lateral to medial in the right and left hemispheres (Fig. 2a) , and the midsagittal slice was used to delineate vermal area (Fig. 2b) . All sagittal slices lateral to the midsagittal slice were included in the hemisphere tissue label such that the hemispheric volumes included part of the vermis. The lateral hemispheres were distinguished by a clear perimeter of extracerebellar CSF. The dorsal boundary often abutted the tentorium cerebelli, in which case the boundary was defined with the lower edge of the tentorium rather than CSF. Progressing medially, the cerebellar peduncles and brainstem became visible anterior to the cerebellum. These structures were delineated from the cerebellum by a diagonal contour from the flexure at inferior-posterior lobe and the peduncles to the anterior aspect of the anterior lobe. In the vermal region, the fourth ventricle formed the anterior boundary and surrounding CSF or the tentorium cerebelli formed the remaining boundaries.
Linear Dimensions of the Cerebellum
The transcerebellar diameter (TCD), vermal height (VH), and vermal anterior-posterior diameter (VAP) were manually measured on the cerebellum segmentations. TCD was defined as the maximum distance from the right to left hemispheres in the coronal plane (Fig. 2c) . On the midsagittal vermal slice, VH and VAP were calculated. VH was the greatest inferior to superior distance, and VAP was the distance from the apex of the fourth ventricle to the posterior extent of the vermis (Fig. 2d ).
Growth Trajectory Estimations
Linear, quadratic, and exponential estimations of right, left, vermal, and total cerebellar growth were tested. Right and left hemispheric volumes were compared by a paired T test. The growth rates of cerebellar volume and cerebral volume [20] were compared by a linear regression of the ratio of cerebellar volume to the sum of cerebellar and cerebral volumes. The linear correlation between cerebellar and cerebral volumes was also calculated.
Linear models were used to estimate growth rates for TCD, VH, and VAP. Then the predictive values of the linear dimensions for cerebellar volume and vermal area were tested. An exponential model for cerebellar volume was calculated with TCD as the only parameter. Similarly, a linear model was calculated for vermal area with VH and VAP as parameters.
Registration and Local Curvature Analysis
The resulting label map of each subject was smoothed at two levels using a 2.0-mm full width at half-maximum (FWHM) Gaussian kernel first then a 1.5-mm FWHM Gaussian kernel (Fig. 3 a, b) . To account for the overall growth of the cerebellum, the maps were linearly scaled to a single subject and then tessellated into triangular meshes using a topology-preserving marching cubes algorithm [25] (Fig. 3 c) . The local geometry of each surface was quantified using mean surface curvature H [26] calculated at each mesh vertex. Unlike other shape indices, mean curvature provides a physically interpretable measure of surface geometrypositive values of H express the convexity of a region, whereas negative values of H indicate the level of local concavity.
For the purpose of temporal modeling of shape changes, spatial mappings were defined between subject anatomies with different gestational ages and a common coordinate system (Fig. 3 d) . Smoothed tissue maps of all subjects were co-aligned using a templatefree approach [21, 27] . This registration procedure estimated a minimum deformation anatomy of the group and spatial mappings from this reference anatomy to each individual subject. Based on these mappings, measurements of local surface curvature of each subject were mapped onto a population-average surface obtained by tessellation of the reference anatomy. Agerelated changes in local curvature at each vertex v on the reference surface were represented using a linear model H(v, t) = β 0 (v) + β 1 (v)t with coefficients found through least squares fitting to measurements of curvature mapped from subjects with different gestational ages t. Statistical significance of the β 1 (v) term was assessed using permutation testing [28] (Fig. 3 e) .
Results
Cerebellar Growth Trajectories
The cerebellum increased in volume by approximately 7-fold from 20 to 31 GW (Fig. 4) . The rate of growth steadily increased and therefore the quadratic and exponential models better fit the growth trajectory than a linear model by comparison of adjusted R 2 values (Table 2) . Similar accelerating trajectories were estimated for the right and left cerebellar volumes ( Fig. 4 ; Table 2 ) with no significant difference in volume by hemisphere ( p = 0.9076). Age-related change in vermal area was best fit by a linear model (Fig. 4; Table 2 ) and increased by approximately 3.5-fold.
Cerebellar and cerebral volumes were strongly correlated (R 2 = 0.94), such that at equivalent gestational ages, a larger cerebellum was associated with a larger cerebrum. The cerebellar ratio of total brain volume increased significantly from 2.4% to 3.7% over this period of development (R 2 = 0.63). Therefore, the cerebellum was increasing in size relatively faster than the cerebrum [20] . This is also supported by the lower relative increase in cerebral volume over the same period (4.5-fold).
The cerebellar diameters (TCD, VH, and VAP) significantly increased linearly ( Table 2 ). The relative increase in each diameter measurement from 20 to 31 GW was approximately 2-fold (Fig. 5) . TCD (in centimeters) was a strong predictor of cerebellar volume (R 2 = 0.96) in an exponential relationship (y = 1.15e 16.69TCD ). VH and VAP (in centimeters) were also significant predictors for vermal area (y = 0.09VH + 0.08VAP − 0.08) (R 2 = 0.93).
Age-Related Cerebellar Curvature Changes
The surface morphometry of the cerebellum underwent expansive change from 20 to 31 GW (Fig. 6) . The most striking significant changes in curvature were detected in the inferior paravermian region. The inferior surface of the vermis increased in concavity (Fig. 6 c) , while the adjacent inferior-posterior lobe of the hemispheres increased in convexity (Fig. 6 b) . In addition to changes in curvature along the inferior surface, the apex of the vermis also increased in convexity with development ( Fig. 6 b) . Lastly, the aspect of the anterior lobe facing the brainstem increased in concavity (Fig. 6 b) . In the right hemisphere, there was a small area of increased convexity along the medial surface bordering the vermis (Fig. 6 b) . The only other significant increase in convexity occurred along the lateral aspect of the right hemisphere (not shown). However, the left hemisphere also showed positive change in convexity, but did not pass significance after multiple comparisons correction.
Bilaterally, the inferior, superior, and anterior surfaces of the lateral hemispheres decreased in convexity (Fig. 6 c) . This pattern was not specific to a particular cerebellar lobe, but to much of the superior surface and hemispheric regions that had the greatest curvature at younger gestational age.
Discussion
We report calculated growth trajectories for cerebellar volume and acceleration in cerebellar expansion that was not revealed by diameter measurements from 20 to 31 GW. Moreover, we show the predictive relationship between traditional diameter measurements and cerebellar volume and vermal area, underscoring the clinical value of these efficient measurements. Beyond scalar growth, the cerebellum changes in shape as tissue is added in specific local patterns.
Comparison to Diameter and Volume Studies
The diameter values reported here closely match published values from MRI studies of larger populations. The linear models predicted TCD within 3 mm and VH and VAP within 2 mm of comparable gestational age groups in independent studies [11, 16, 29] . Generally, measurements on 3D reconstructed images were smaller than past MRI studies, and the percent difference in mean values decreased with age to as low as 3%. Though growth rates reported here and in other MRI studies were similar to those based on ultrasonography measurements of diameter, values from past MRI studies were smaller on average than ultrasonography-based measurements of the vermis [12] or transcerebellar diameter [13] . Despite the absolute difference in measurements across studies, cerebellar and vermal diameters are still highly correlated with the estimation of gestational age [30] , and differences may be due to the particular appearance of the cerebellum in each imaging modality.
The cerebellar volumes derived from our manual segmentation of T2-weighted 3D reconstructed images were consistently smaller by 0.5 to 2 cm 3 than 3D ultrasound estimations of volume from 21 to 31 GW [14, 31] . Relative to our results, this corresponds to volumes 33% to 41% greater, on average. Like the diameter measurements, the appearance of cerebellar features used in manual segmentation inherently differ in volumetric ultrasonography and may result in reliably greater estimations in size.
Our volumetric results were in close agreement with the only other fetal cerebellar 3D reconstructed MRI study. In particular, our values fell within the 95% confidence interval for cerebellar volumes between 21 and 31 GW [15] . Notably, Hatab et al. [15] only used scans that were subjectively selected for low motion artifact and did not correct for motion in the image reconstruction process, which was done for the images used in our study. In comparison to the only 2D T2-weighted MRI study with comparable age range, our volumes were 2.25 cm 3 smaller (25%) at 31 GW [32] . Differences in segmentation protocol, gestational age estimation, anisotropic resolution, and motion between slices may explain the discrepancy in volume calculations.
Comparing to postnatal results from T1-weighted MRI studies [17, 18, 33] at equivalent gestational ages, cerebellar volume was on average 31% to 39% smaller between 27 and 31 GW. The lower volume calculations from the fetal MRI may be due to differences in image contrast, artifact introduced by image reconstruction, or variation in segmentation protocol.
Regardless of the absolute differences in volume, similar trajectories of growth were estimated from our data and previous studies of cerebellar development. 3D ultrasonography [14, 31] estimated an accelerating trajectory through 20 to 30 GW, as was shown in the present study. Further, a study of brain weight found that growth velocity of the infratentorial part of the brain (including the cerebellum) increased between 20 and 35 GW, after which the rate plateaued until term [4] .
Though Limperopoulos et al. [17] conducted a linear regression from 27 to 44 GW in preterm neonates, which cannot address the question of acceleration, the study did show that the cerebellar percentage of total brain volume steadily increased over this age range. We observed a similar increase in the cerebellar ratio from 20 to 31 GW. This trend of more rapid relative cerebellar growth extends into the postnatal period when the cerebellum increases 240% over the first year, which is significantly greater than the cerebral volume increase of 100% [34] . By brain weight, the relative rate of cerebellar growth exceeds overall brain growth after 24 GW [3, 4] . This corresponds to the peak proliferative phase of the external granular layer, which maintains its thickness from 25 to 40 GW [5] . Until term, growth of the cerebellum is dominated by the inward migration from the external to internal granular layers of the cortex, followed by outgrowth of fibers that make up the cerebellar cortical circuits. These cytoarchitectonic developments increase cerebellar cortical thickness and surface area expands exponentially [6] . In contrast, the cerebellar ventricular zone, source of deep nuclei and Purkinje cell precursors, is decreasing in thickness [5] . A comparable pattern is observed in the cerebral cortex of the same stages: After 25 GW, the ventricular zone is regressing, but progenitor cells in the subventricular zone continue to proliferate, providing another source of cortical precursors [35] . The subventricular zone, particularly the outer layer [36] , is more prominent in the primate and other gyroencephalic animals [37, 38] and is correlated with the emergence of cortical folding and accelerated cortical horizontal expansion [22, [39] [40] [41] . Therefore, while the cerebellar and cerebral cortices are both expanding rapidly, the cerebellar growth and ultimate cell number [3] exceed those of the larger cerebrum.
Curvature Reflects Gross Morphology of the Cerebellum Qualitative study of the cerebellar morphology by in vivo [11] and ex vivo [42] MRI describes the increase in foliation, deepening of primary and emergence of secondary fissures in the second and third trimesters. Visual inspection of the cerebellum on MRI and segmentation-derived surface renderings (Fig. 6) clearly shows that the cerebellum transitions from a primarily dumbbell shape to an inverted heart. In this study, the temporal modeling of the local curvature of the outer cerebellar surface quantified where and in which direction the major changes were occurring.
For example, the curvature changes in the paravermian region correspond to the formation of the paravermian fissure. At 21 GW, the paravermian fissure is a shallow indentation [42] . Then as the hemispheres rapidly expand (shown by increasing convexity), the fissure deepens. This corresponds to the decreasing convexity around the inferior vermis and adjacent increasing convexity of the hemispheres.
Other changes in surface curvature appear to be due to the physical constraints of the surrounding tissue. For example, the decreased convexity along the roof of the fourth ventricle may be due to expansion of the vermal anterior lobe that is bounded by the adjacent brainstem. Similarly, the hemispheric growth is physically restricted. As the cerebellum grows, the hemispheres would "flatten out" against the rigid dural cavity and expanding occipital lobe. This is supported by the decreasing convexity of much of the superior and inferior hemispheric surfaces.
Future Applications
While the results shown here are based on manual segmentation, quantitative analysis would be enhanced by the development of a spatiotemporal atlas [43] for automated segmentation of the fetal brain [44] that included the cerebellum. Thus far, the cerebellum has been included in a spatiotemporal atlas of the premature and postnatal brain from 28 to 47 GW [33] . Addition of the cerebellum to the fetal spatiotemporal atlas will provide overlap with published postnatal studies and extension into earlier development.
Cerebellar malformation is a consequence of many developmental and genetic disorders [45] , and cerebellar lesions are a risk in the premature period in part because the proliferative zones are in direct contact with CSF [6] . Application of the volumetric and morphometric methods used here to vulnerable populations may help quantify the severity of the insult and track potential growth and recovery.
